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Oxidative stress: Protein folding with a novel redox switch
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A novel cellular response to oxidative stress has been
discovered, in which the activity of a molecular
chaperone, Hsp33, is modulated by the environmental
redox potential. This provides a rapid first defence
mechanism against the potentially very harmful toxic
effects of oxidative stress.
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Upon exposure to oxygen, the bacterium Escherichia coli
increases production of enzymes that are essential for
aerobic respiration, such as components of the Krebs
cycle and terminal oxidase complexes. However, this
adaptation to environmental circumstances itself poses a
danger: the production, as a by-product of aerobic respira-
tion, of reactive oxygen species, such as superoxide anion
radicals, hydrogen peroxide and hydroxyl radicals, can
damage many biological molecules, including DNA,
proteins and lipids [1]. 
In addition to this possibility that aerobic growth can lead
to oxidative stress, bacteria may face direct oxidative stress
from the environment or as part of the host response. One
example of this is the release of superoxide radicals by
phagocytes in host organisms in response to pathogenic
bacteria [2]. Two strategies employed by E. coli to allevi-
ate the potential toxicity of oxidative stress have been
known about for some time. Now a third strategy has been
discovered [3], based on redox modulation of the activity
of a cytoplasmic molecular chaperone.
One strategy E. coli is known to use to counter oxidative
stress involves the maintenance of a reducing environ-
ment in the cytoplasm. This is maintained by two inde-
pendent pathways, the thioredoxin system and the
glutaredoxin system (see Figure 1). Both pathways reduce
disulphide bonds in cytoplasmic proteins, and both ulti-
mately derive their reducing equivalents from the conver-
sion of NADPH to NADP. As well as acting directly on
cytoplasmic proteins, the glutaredoxin system maintains a
reducing redox buffer in the cytoplasm through the main-
tenance, in its reduced form, of millimolar cytoplasmic
concentrations of the tripeptide glutathione.
The two pathways are independent, for example,
thioredoxin reductase can reduce the thioredoxins but not
the glutaredoxins, while glutathione is unable to efficiently
reduce the thioredoxins. The two pathways can, however,
in part substitute for each other in vivo [4]. In addition to
maintaining the redox environment in the cytoplasm, the
thioredoxin pathway has also been reported to supply
reducing equivalents to the periplasmic enzyme DsbC, via
the inner membrane protein DsbD [5].
A second strategy taken by E. coli against oxidative stress
involves the de novo synthesis of protective enzymes. This
cellular response is mediated by the transcription factors
SoxR and OxyR, the activities of which are governed by
two distinct redox-sensitive mechanisms. SoxR transcrip-
tional activity is regulated by the oxidation state of the
iron–sulphur clusters it contains [6]: when the reduced
iron–sulphur clusters are oxidized, SoxR is activated and
stimulates transcription of the soxS gene, the product of
which in turn switches on transcription of a group of genes
encoding a variety of proteins, including catalase I and a
manganese-dependent superoxide dismutase that defend
the cell against oxidative stress. Cellular monothiols and
dithiol proteins may contribute to SoxR regulation by
affecting the disassembly and reassembly of the
iron–sulphur clusters. 
Figure 1
Dual pathways for maintaining the reducing redox environment in the
cytoplasm. (See text for details.)
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The activity of OxyR, in contrast, is regulated by a dithiol-
disulphide exchange mechanism [7]. Under oxidative
stress conditions, the redox potential of the cytoplasm
increases and this leads to the formation of an intramolec-
ular disulphide within OxyR, between cysteine 199 and
cysteine 208. The resulting conformational change greatly
enhances the transcriptional activity of OxyR, which
induces expression of genes for a number of proteins that
help protect the cell against oxidative stress, including
glutathione reductase, glutaredoxin 1 and hydrogen perox-
idase I. OxyR is deactivated by the reduction of the disul-
phide bond to the dithiol, a process which is catalysed by
glutaredoxin 1, providing a mechanism for autoregulation.
Although the first of these two strategies for protecting the
cell against oxidative stress may act rapidly to reverse the
redox conditions in the cytoplasm following oxidative
stress, and the second provides a long term response,
neither addresses the problems associated with the imme-
diate consequences of damage to cellular proteins. A recent
study [3] has revealed an additional cellular response
which acts rapidly and directly to tackle these problems.
Activation of Hsp33
It had earlier been suggested [8] that, when bacterial
cells are in ‘stationary phase’ as a result of some limita-
tion on their growth, oxidation of some cytoplasmic pro-
teins occurs and this may serve as a signal to induce
expression of genes encoding heat shock proteins. A
number of classes of heat shock proteins are known, in
both prokaryotes and eukaryotes, and some of these have
well-characterized roles as molecular chaperones. Mol-
ecular chaperones are a group of proteins which assist
polypeptide folding in the cell by interacting with
unfolded or partially folded proteins, and thereby pre-
venting non-productive folding or aggregation processes. 
Molecular chaperones also appear to play roles in other
cellular process, including the translocation of newly
synthesised proteins and the refolding of conformationally
damaged proteins [9]. Exposure of the cell to certain stress
conditions usually results in a subsequent up-regulation of
many molecular chaperones at the transcriptional level.
However, heat shock protein 33 (Hsp33), a recently
discovered 33 kDa cytoplasmic protein from E. coli, has
been found to be different from all other known molecular
chaperones, in that its activity is regulated at the post-
translational as well as the transcriptional level [3].
In vitro experiments showed that active Hsp33 can
efficiently prevent the aggregation of model proteins, such
as thermally denatured citrate synthase and luciferase, as
well as the oxidative aggregation of the E. coli protein FtsJ
[3]. Hsp33 contains several highly reactive cysteine
residues and Jakob et al. [3] found that these permit the
chaperone activity of Hsp33 to be profoundly and rapidly
modulated by changes in the redox environment of the
medium. Under reducing conditions, the reactive cysteine
residues are coordinated to a zinc atom and Hsp33 shows
no in vitro activity. Upon exposure to more oxidizing con-
ditions, the zinc atom is released or transferred, intramol-
ecular disulphide bonds form and the protein is
transformed into a potent molecular chaperone [3]. This is
the first reported example of a molecular chaperone whose
activity is directly controlled by its redox environment.
Inactivation of the molecular chaperone activity of Hsp33
by the reductants dithiothreitol or reduced glutathione
appears to be fully reversible, with reactivation being
achieved by altering the redox potential of the medium by
the addition of hydrogen peroxide or oxidised glutathione
[3]. It is noteworthy that reactivation following inactiva-
tion using reduced glutathione (the normal cellular situa-
tion) is extremely rapid, with full activity being restored
within two minutes. As the reported redox potential of
Hsp33, –170 mV, lies between that of the resting cytoplas-
mic redox potential and redox potentials which can be
obtained under strong oxidative stress (see Table 1), it is
likely that Hsp33 is inactive, or has very low activity,
under resting cellular conditions.
From the in vitro data presented by Jakob et al. [3], it is
possible to predict the activity profile of Hsp33 in vivo.
When a cell experiences oxidative stress, the redox poten-
tial of the cytoplasm increases and Hsp33 is rapidly acti-
vated. This activated form of Hsp33 is thought to interact
with oxidatively damaged cellular proteins and help
prevent their aggregation, thereby reducing this poten-
tially toxic effect of oxidative stress. After the thioredoxin
and glutaredoxin pathways have reduced the redox poten-
tial in the cytoplasm, Hsp33 is rapidly inactivated, which
may be linked to the release of substrate proteins. Despite
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Table 1
Standard redox potentials for components involved in
controlling oxidative stress.
Component Redox potential
Resting global cytoplasm –250 to –280 mV
Cytoplasm under oxidative stress > –150 mV
NADPH –315 mV
Thioredoxin 1 –270 mV
Glutathione –240 mV
Glutaredoxin 1 –233 mV
Glutaredoxin 3 –198 mV
OxyR –185 mV
Hsp33 –170 mV
Data from [3,4,7,11].
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the large difference between the global resting cytoplas-
mic redox potential and the reported redox potential of
Hsp33, 20% of the cellular Hsp33 was reported to be in
the active disulphide bonded form [3]. This observation
may suggest local variations in cytoplasmic redox potential
and a constitutive role for Hsp33.
Deletion of the E. coli gene encoding Hsp33 was found to
lead to decreased thermotolerance and resistance to oxida-
tive stress in vivo [3]. Hsp33 thus seems to play an impor-
tant protective role under oxidative stress and heat stress
in E. coli, stress conditions that are known to be intimately
linked in vivo via their damaging effects on cellular pro-
teins. As homologues of Hsp33 have been found in a large
range of prokaryotic organisms, this novel and rapid
protective mechanism appears to be quite general, though
no eukaryotic homologues have been reported.
The major oxidatively damaged proteins in E. coli are
potential in vivo substrates for Hsp33, and these have pre-
viously been identified by exposure of an anaerobically
grown culture to hydrogen peroxide stress [10]. These
include alcohol dehydrogenase E, elongation factor G, the
heat shock protein DnaK, oligopeptide-binding protein A,
enolase and the outer membrane protein A. Furthermore,
it was demonstrated that the levels of oxidised proteins
correlate with the age of a stationary-phase E. coli culture.
Some proteins were found to be specifically susceptible to
stasis-induced oxidation, notably several Krebs cycle
enzymes, glutamine synthetase, glutamate synthase, pyru-
vate kinase and the molecular chaperone DnaK.
Unlike several other molecular chaperones, such as the
E. coli proteins DnaK and GroE, the activity of Hsp33
appears to be independent of ATP. This led to the specu-
lation [3] that Hsp33 acts to suppress the aggregation of
proteins, rather than acting directly to help efficient
folding. Given the susceptibility of DnaK to oxidation, it is
tempting to speculate that Hsp33 acts as a direct damage-
limitation system, preventing the potential toxic effects of
protein aggregation. It might bind damaged proteins until
such time as the other cellular responses act to restore the
resting redox potential, at which point the activity of the
ATP-dependent molecular chaperones, and hence the
efficiency of protein folding, should be restored.
In addition to their differing modes of action and
activation, the three known cellular systems for ameliorat-
ing oxidative stress operate on different timescales. The
thioredoxin and glutaredoxin systems respond immedi-
ately and continue to respond until the redox potential of
the cytoplasm is returned to resting levels. De novo synthe-
sis of protective enzymes responds on a much longer
timescale, is maximal for a limited time because of
autoregulation, but decays slowly because of its lower
turnover rate. Hsp33 is activated rapidly and continues to
respond until the redox potential starts to fall, whereupon
it is inactivated rapidly. The timescale for each system is
appropriate to its mode of action.
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